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37775 (2.1)











?? fli(x; t)?gi(x; t)??????????????????
fli(x+ cix; t+t) = fli(x; t) 
1
f
[fli(x; t)  fleqi (x; t)] ; (2.2)
16
gi(x+ cix; t+t) = gi(x; t)  1
g
[gi(x; t)  geqi (x; t)] : (2.3)
???, f eqli ??? geqi ??????????f ??? g?????????x??
????t?????????????????????????????????
















??? LKS?[5] ?????LKS???Eq. (2.2)??? Eq. (2.3)? f = g = 1???
x! x  cix????????????????????????????? f eqli ?
?? geqi ???????????????????????? 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i (x  cix; t): (2.7)
????????? f eqli ?geqi ??????????
f eqli = Hil + Fi
h




+3Eilciu + EifG(l)cici; (2.8)
geqi = Ei
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E1 = 2=9; E2 = E3 = E4 =    = E7 = 1=9;
E8 = E9 = E10 =    = E15 = 1=72;
H1 = 1; H2 = H3 = H4 =    = H15 = 0;
















??? f; ; g = fx; y; zg??????? , , ??????????????
???????f ????????????????g?????????????







1  b   a
2 (2.12)
a; b; ??? T????????? max?????? min???????????
?. ???????????????????????????????????
??????????? [6{9]??????????????????? Swift et al:
(1995) ???? [6]??????????????????????? Stokes??
??????????? f eqli (Eq. (2.8)) ? Swift et al:?????? u? 2???








FA;lm + FBr;l (2.13)














??????????????????????????? (max + min)=2???
???????(2.15)??  = 1??????????D1=2?????D1=2????
Appendix A????????Appendix A?????????????D1=4????
?????????????????????D1=2????????????? 1 ?

















? l ????? p??? u??????????????? Cahn-Hilliard ???
(Eq. (2.18)) [11]????? (Eq. (2.19))?????????Navier-Stokes??? (Eq.























































???, Sh = U=c? Strouhal????????Pl??????????
Pl =
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???????????????????????? p=c = 10????Hadamard-
Rybczynski????Leal, 2007?[13]?????? 10??????????????













?? Eq. (2.12)? a =9/49, b =2/21, T =0.55???Eq. (2.8)? f =0.01x2, Eq.







??????????????????, ????????????????, Fig. 2.2
(a) ???????????????????????, ?????????????
???????????????????????????????? 1?? 2?
?????? Fig. 2.2 (b)????????????????????????? 1
? 2????????????????????????? 1.6???????
?????????????????????????????????????
??Fig. 2.3 (a) ???????????????D=20x? 6?????????
????????????????????? max????????? min???
??Eq. (2.9)? g=0???????????? f eqli ???????????????
???????????????????????????? 4?????????
??? 4?????? Fig. 2.3 (b)????? 4????x4, y4, z4???? y???
?????????????? 4???Fig. 2.3 (c) ????Fig. 2.3 (c) ?????






Fig. 2.2: Color reassignment. (a) The same color is assigned to the separated particles. (b) Exchange
of the order parameters.
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Fig. 2.3: Prole of the order parameter. (a) Aggregation of six particles. (b) Boundary for the
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???????????  ????? [22]?????????  s? Stern??  d?
????????????????????????? ????????????
????????  ??Stern?????????ze d  kBT??Debye-Huckel?
?? [14]??????
 =  d exp( r) (2.26)
??Stern???????????????????????????z??????
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der Waals??????????? Born???????????Dl ??? l?Dm
???m????????? VT;lm? van der Waals?????? VA;lm??????
????? VR;lm?Born???????? VB;lm??????????????DLVO
????
VT;lm = VA;lm + VR;lm + VB;lm (2.30)
???????VT;lm?VA;lm; VR;lm; VB;lm??????????????h
 
= rlm   (Dl2 + Dm2 )










Fig. 2.5: Inter-particle potential by DLVO theory [21].






bm?????????????????? van der Waals?????? ~VA;lm???
???????? h?????? 0??? van der Waals??????? VA;lm????
~VA;lm 
h
h+ (bl + bm)=2
VA;lm (2.31)
????????????? van der Waals? ~fA;lm?
~fA;lm 
h
h+ (bl + bm)=2
 dVA;lm
dr
  (bl + bm)=2fh+ (bl + bm)=2g2VA;lm (2.32)
??? [19, 23]???? tilde?????????????????????????
?????????????????????????? 0.4nm??????????
Fig. 2.7: Surface roughness of the particle.
?? 100nm???????? van der Waals??????????????? b? 0
?? 10nm?????????Fig. 2.8 (a)????????? 10nm???????
? van der Waals??????????????? b? 0?? 1nm????????
?Fig. 2.8 (b)?????????????????????? van der Waals? ~fA;lm
29




Fig. 2.8: Maximum van der Waals force between two particles. b is the surface rough-
ness of the particle. (a) Diameter of each particle is 100 nm. (b) Diameter of each
particle is 10 nm.
2.4.6 van der Waals???????????????






Hamaker??Ah = 8:0 10 20J???D=100nm???????????????
??????van der Waals??????? 0.4nm???????Born???????
Table 2.1???????????? Case A?D????????????????
30
? Fig. 2.9?????????????????????Case A?D???????
???????? rlm?????? Fig. 2.10???
Table 2.1: Additional conditions for inter-particle potential. Van der Waals force and
Born repulsive force are applied to every case.?
Case A ??
Case B ????  =100mV?Debye? 1==1nm?????????????
Case C ?????? 0.75nm????????????????
Case D ?????? 1.5nm?????????






















Fig. 2.9: Inter-particle potential between two TiO2 particles for Case A{D. The diam-
eter of the particle is 100 nm, and Hamaker's constant is 8:0 10 20 J.
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Fig. 2.10: Inter-particle force between two TiO2 particles for Case A{D. The diameter
of the particle is 100 nm, and Hamaker's constant is 8:0 10 20 J.
Higashitani et al: [25]?Harada et al: [26]??????? van der Waals??????
?????? 0????????????????????Case A?D??????
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??????????Case A????????? Born??????? LD = 0:4nm
????Case B???????? 7nm?????????????????? 7nm
?????????????????????LD = 7nm??????Case C???
?????????????????????????????LD = 1:5nm????
Case D???????? 1.1nm???????????????????????
???????????Case C?LD = 1:5nm???????Case D  Case C???
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Fig. 2.11: Inter-particle potential in the present numerical simulation. Van der Waals






























































































































??????????????????????????????????8<: < R(t) >= 0< R(t)R(t0) >= 2Du(t  t0) (2.35)
???Du???????????????Kronecker delta?????????
???????????????????
< ju(t)j2 >! 3Du
m2
(2.36)














mu = 3ccDu (2.37)
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???? 0, ??? 1????????????????
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???Langevin model????????????????????????????
T ????????????? T ??????? Langevin equation???????
??????????????????????????????????????
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Appendix C????
2.6 ?????
???????????????????? Fig. 2.12???????Fig. 2.12?
3.4.2??????????????????Fig. 3.19 (a) ? t=25????????





Fig. 2.12: Example of calculated result using the present method. This result is for six randomly
aggregated particles under a shear ow for Case A at t=25. The detailed description for this
simulation is given in Sec 3.4.2. (a) 6 particles and cross section at t=25. (b) Vector eld and
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???? uw? uw??? L???????? (Fig. 3.1 (a))???????????
?????????????????????????? (Fig. 3.1 (b))??????
Fig. 3.1: (a) Aggregate and shear ow generated by the motion of beads in a bead








???????????????Phung et al: (1987) [5]? Stokesian dynamics [6]?
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Lz=165x???????????D=20x????? Fig. 3.3??????, ??
????? 6????? 6???????????????????? \domain A"?
?????? \domain B"?????????????? \domain A"??????Fig.
3.4??????, 6??????????????????????? 6?????
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Fig. 3.2: Computational domain and aggregated 36 particles.
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Fig. 3.3: Computational domain and aggregated 6 particles.
Fig. 3.4: Computational domain and six randomly aggregated particles.
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?????????????????????????????






(b) ?????? LD ???????D??:
s = LD=D (3.4)







??????? Eq. (3.1)? rlm = D + LD?????????












Table 3.1?????????36??????????Table 3.1???Case A?O
????????????????6??????????Case A?K??????
??????Case A?K?????????????????Case A?C?????
?????????Case C?E???????? LD?????????Case F?K
?????????? LD???????????????????Case L?O??
??????????????????????????????
??????????????? Case A???????????? Hamaker?
? Ah = 8:0  10 20J???D=1m?LD=5nm????????????????
1.0gcm 3?????? c = 1:0 10 6m2s 1?????????10m??????
??? uw = 0:8 ms 1?????????????Case C????????????
Hamaker??Ah = 8:0 10 20J???D=1m?LD=5nm????????????
???? 1.0gcm 3?????? c = 1:0  10 6m2s 1?????????10m?
???????? uw = 0:008 ms 1?????????????????Case N??
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??????????Hamaker??Ah = 8:0 10 20J???D=100nm?LD=5nm?
??????????????? 1.0gcm 3?????? c = 1:0  10 6m2s 1??
? 308K?????????1m????????? uw = 0:8 ms 1???????
??????
Table 3.1: Computational conditions for the dispersion of aggregated particles under
shear ow.
I s Y Pe
Case A 1000 0.005 0.025 1
Case B 100 0.005 0.0025 1
Case C 10 0.005 0.00025 1
Case D 10 0.016 0.0025 1
Case E 10 0.05 0.025 1
Case F 1000 0.016 0.25 1
Case G 100 0.05 0.25 1
Case H 100 0.016 0.025 1
Case I 0.625 0.2 0.025 1
Case J 10 0.01 0.001 1
Case K 2.5 0.01 0.00025 1
Case L 1000 0.005 0.025 350000
Case M 100 0.016 0.025 35000
Case N 10 0.05 0.025 3500




Case A, C, E, ???N???????? 36????????????? Fig. 3.5
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Case N?? 64?????Fig. 3.5??? Fig. 3.6????????????Case A
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jxl   xj2 (3.8)
???N ??????????Fig. 3.7?Case A, B, C??Fig. 3.8?Case C, D, E,
J??Fig. 3.9?Case A, B, D, E????? ?????????Fig. 3.7?Fig. 3.8?
???Fig. 3.9?????? ????????? I?s???? Y ????????
?????? 0????????????????????Fig. 3.7??? Fig. 3.8
???I? s?????????????????????????????????
????I???????????????????s??????????????






??????? van der Waals????????????????????????
?????????????????????Case A?O??????140  t  164
??????????? ? I?????? Y ???? Fig. 3.10??? Fig. 3.11?




????????????????????Fig. 3.12?Case A, L??Fig. 3.13?
Case H, M??Fig. 3.14?Case E, N??Fig. 3.15?Case I, O????? ???
????????????????????????????????Pe?????
??????????????????Fig. 3.12???Case L?Pe=350000????





?Case L?O??????Peclet?? 140  t  164??????????? ??
??? Fig. 3.16???????Fig. 3.16?????? ????????????
???????? (Pe=1)????????????Fig. 3.16??????????
???????? Peclet?? 105???????????????????????
??????????????Hamaker??Ah = 8:0 10 20J??????????
?????? 1.0gcm 3?????? c = 1:0  10 6m2s 1??? 308K??????
1m????????? uw = 0:8 ms 1?????????D? 306nm?????
??????????????????????????
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Fig. 3.5: Time evolution of an aggregate under shear ows for (a) I=1000, s=0.005,
Y=0.025, Pe=1 (Case A) and (b) I=10, s=0.005, Y=0.00025, Pe=1 (Case C).
t = 2uwt=Lz.
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Fig. 3.6: Time evolution of an aggregate under shear ows for (a) I=10, s=0.05,
Y=0.025, Pe=1 (Case E) and (b) I=10, s=0.05, Y=0.025, Pe=3500 (Case N). t =
2uwt=Lz.
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Fig. 3.7: Time evolution of standard deviation  at Pe=1 for (a) I=1000, s=0.005,
Y=0.025 (Case A), (b) I= 100, s=0.005, Y=0.0025 (Case B), and (c) I= 10, s=0.005,
Y=0.00025 (Case C).  is normalized by initial standard deviation 0. t
 = 2uwt=Lz.

















Fig. 3.8: Time evolution of standard deviation  at Pe=1 for (a) I= 10, s=0.005,
Y=0.00025 (Case C). (b) I= 10, s=0.016, Y=0.0025 (Case D), (c) I= 10, s=0.05,
Y=0.025 (Case E), and (d) I= 10, s=0.01, Y=0.001 (Case J).  is normalized by
initial standard deviation 0. t
 = 2uwt=Lz.
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Fig. 3.9: Time evolution of standard deviation  at Pe=1 for (a) I=1000, s=0.005,
Y=0.025 (Case A), (b) I= 100, s=0.005, Y=0.0025 (Case B), (c) I= 10, s=0.016,
Y=0.0025 (Case D), and (d) I= 10, s=0.05, Y=0.025 (Case E).  is normalized by
initial standard deviation 0. t
 = 2uwt=Lz.







 Case A  Case G
 Case B  Case H
 Case C  Case I
 Case D  Case J
 Case E  Case K
 Case F
Fig. 3.10: Time-averaged standard deviation  versus I for the aggregation of 36
particles for Pe=1 .  is the time-averaged value for 140  t  164, and 0 is the
initial standard deviation.
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 Case A  Case G
 Case B  Case H
 Case C  Case I
 Case D  Case J
 Case E  Case K
 Case F
Fig. 3.11: Time-averaged standard deviation  versus Y for the aggregation of 36
particles for Pe=1 .  is the time-averaged value for 140  t  164, and 0 is the
initial standard deviation.















Fig. 3.12: Time evolution of standard deviation  at I=1000, s=0.005, Y=0.025 for
non-Brownian case (Pe=1 for Case A) and Brownian case (Pe=350000 for Case L).
 is normalized by initial standard deviation 0. t
 = 2uwt=Lz.
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Fig. 3.13: Time evolution of standard deviation  at I=100, s=0.016, Y=0.025 for
non-Brownian case (Pe=1 for Case H) and Brownian case (Pe=35000 for Case M). 
is normalized by initial standard deviation 0. t
 = 2uwt=Lz.















Fig. 3.14: Time evolution of standard deviation  at I=10, s=0.05, Y=0.025 for non-
Brownian case (Pe=1 for Case E) and Brownian case (Pe=3500 for Case N).  is
normalized by initial standard deviation 0. t
 = 2uwt=Lz.
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Fig. 3.15: Time evolution of standard deviation  at I=0.625, s=0.2, Y=0.025 for
non-Brownian case (Pe=1 for Case I) and Brownian case (Pe=220 for Case O).  is


















 Case L / Case A
 Case M / Case H
 Case N / Case E
 Case O / Case I
Fig. 3.16: The ratio of time-averaged standard deviation of Brownian case  to that
of non-Brownian case (Pe=1) at Y=0.025 for the aggregation of 36 particles.  and












? Fig. 3.17??? Fig. 3.18????Fig. 3.17? \domain A"?Fig. 3.18? \domain











Fig. 3.20??\domain B" ??????????????Fig. 3.21????????
?????????????????\domain A"??????????????Fig.
3.22????\domain A"??? \domain B"??????????????????
???????????Case C? Case K????Y ? 0.001??????????







Fig. 3.17: Time evolution of an aggregate under shear ows for (a) I=1000, s=0.005,
Y=0.025, Pe=1 (Case A) and (b) I=10, s=0.005, Y=0.00025, Pe=1 (Case C) in
\domain A". t = 2uwt=Lz.
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Fig. 3.18: Time evolution of an aggregate under shear ows for (a) I=1000, s=0.005,
Y=0.025, Pe=1 (Case A) and (b) I=10, s=0.005, Y=0.00025, Pe=1 (Case C) in
\domain B". t = 2uwt=Lz.
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Fig. 3.19: Time evolution of six randomly aggregated particles under shear ows for
(a) I=1000, s=0.005, Y=0.025, Pe=1 (Case A) and (b) I=10, s=0.005, Y=0.00025,
Pe=1 (Case C) in \domain A". t = 2uwt=Lz.
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Fig. 3.20: Time evolution of the standard deviation  for the aggregation of 6 particles
in \domain A". 0 is the initial standard deviation. t
 = 2uwt=Lz.
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 Case D  Case J
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 Case F
Fig. 3.21: Time evolution of the standard deviation  for the aggregation of 6 particles
in \domain B". 0 is the initial standard deviation. t
 = 2uwt=Lz.
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 Case A 
 Case B 
 Case C 
 Case D 
 Case E 
 Case F 
 Case G 
 Case H 
 Case I 
 Case J 
 Case K 
Fig. 3.22: Time evolution of the standard deviation  for six randomly aggregated
particles in \domain A". 0 is the initial standard deviation. t
 = 2uwt=Lz.
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??Fig. 4.3??????, ??????? Lx=200x?Ly=85x?Lz=175x??
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Fig. 4.2: Computational domain and a large aggregate.
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Fig. 4.3: Computational domain and a small aggregate.
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? Ah = 8:0  10 20J???D1=1m???D2=2m?L11D = L12D = L22D=5nm??
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???????10m????????? uw = 0:8 ms 1 ???????????
?????Case F???????????? Hamaker?? Ah = 8:0  10 20J??
? D1=1m??? D2=2m?L11D = L12D = L22D=5nm?????????????
??? 1.0gcm 3?????? c = 1:0  10 6m2s 1?????????10m??
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Table 4.1: Computational conditions for the dispersion of a large aggregate composed
of large particles and small particles under shear ow. The radius ratio of the particle
is 0.5.
I11 I22 s11 s12 s22 Y 11 Y 12 Y 22 Pe1 Pe2
Case A 10000 80000 0.005 0.0033 0.0025 0.25 0.47 0.5 1 1
Case B 1000 8000 0.005 0.0033 0.0025 0.025 0.047 0.05 1 1
Case C 400 3200 0.005 0.0033 0.0025 0.01 0.019 0.02 1 1
Case D 100 800 0.005 0.0033 0.0025 0.0025 0.0047 0.005 1 1
Case E 10 80 0.005 0.0033 0.0025 0.00025 0.00047 0.0005 1 1
Case F 1 8 0.005 0.0033 0.0025 0.000025 0.000047 0.00005 1 1
Case G 100 800 0.016 0.011 0.008 0.025 0.047 0.05 1 1
Case H 100 800 0.05 0.033 0.025 0.25 0.47 0.5 1 1
Case I 10 80 0.05 0.033 0.025 0.025 0.047 0.05 1 1
Case J 4 32 0.05 0.033 0.025 0.01 0.019 0.02 1 1
Case K 0.1 0.8 0.05 0.033 0.025 0.00025 0.00047 0.0005 1 1
Case L 0.1 0.8 0.158 0.105 0.079 0.0025 0.0047 0.005 1 1
Case M 1 8 0.158 0.105 0.079 0.025 0.047 0.05 1 1
Case N 4 32 0.05 0.018 0.0025 0.01 0.0057 0.0002 1 1
Case O 4 32 0.005 0.018 0.025 0.0001 0.0057 0.02 1 1
Case P 4 32 0.05 0.0034 0.0025 0.01 0.0002 0.0002 1 1
Case Q 10000 80000 0.005 0.0033 0.0025 0.25 0.47 0.5 3:5 106 2:8 107
Case R 1000 8000 0.005 0.0033 0.0025 0.025 0.047 0.05 3:5 105 2:8 106
Case S 400 3200 0.005 0.0033 0.0025 0.01 0.019 0.02 1:4 105 1:12 106
Case T 100 800 0.005 0.0033 0.0025 0.0025 0.0047 0.005 35000 2:8 105
Case U 100 800 0.016 0.011 0.008 0.025 0.047 0.05 35000 2:8 105
Case V 100 800 0.05 0.033 0.025 0.25 0.47 0.5 35000 2:8 105
Case W 10 80 0.05 0.033 0.025 0.025 0.047 0.05 3500 28000
Case X 4 32 0.05 0.033 0.025 0.01 0.019 0.02 1400 11200
Case Y 1 8 0.158 0.105 0.079 0.025 0.047 0.05 350 2800
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Table 4.2: Computational conditions for the dispersion of a small aggregate composed
of large particles and small particles under shear ow. The radius ratio of particle is
0.5.
I11 I22 s11 s12 s22 Y 11 Y 12 Y 22 Pe1 Pe2
Case I 1000 8000 0.005 0.0033 0.0025 0.025 0.047 0.05 1 1
Case II 100 800 0.005 0.0033 0.0025 0.0025 0.0047 0.005 1 1
Case III 10 80 0.005 0.0033 0.0025 0.00025 0.00047 0.0005 1 1
Case IV 1 8 0.005 0.0033 0.0025 0.000025 0.000047 0.00005 1 1
Case V 10 80 0.05 0.033 0.025 0.025 0.047 0.05 1 1
Case VI 10 80 0.05 0.018 0.0025 0.025 0.014 0.0005 1 1
Case VII 1 8 0.05 0.033 0.025 0.0025 0.0047 0.005 1 1
Case VIII 1 8 0.05 0.018 0.0025 0.0025 0.0014 0.00005 1 1





















Fig. 4.4: Time evolution of a large aggregate under shear ows for (a) I11=100,
I22=800, s11=0.005, s12=0.0033, s22=0.0025, Y 11=0.0025, Y 12=0.0047, Y 22=0.005,
Pe1=1, Pe2=1 (Case D) and (b) I11=1, I22=8, s11=0.005, s12=0.0033, s22=0.0025,








Fig. 4.5: Time evolution of a large aggregate under shear ows for (a) I11=1,
I22=8, s11=0.158, s12=0.105, s22=0.079, Y 11=0.025, Y 12=0.047, Y 22=0.05, Pe1=1,
Pe2=1 (Case M) and (b) I11=1, I22=8, s11=0.158, s12=0.105, s22=0.079, Y 11=0.025,
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Fig. 4.6: Time evolution of standard deviation  for a the large aggregate for
(a) I11=100, I22=800, s11=0.005, s12=0.0033, s22=0.0025, Y 11=0.0025, Y 12=0.0047,
Y 22=0.005, Pe1=1, Pe2=1 (Case D), (b) I11=1, I22=8, s11=0.005, s12=0.0033,
s22=0.0025, Y 11=0.000025, Y 12=0.000047, Y 22=0.00005, Pe1=1, Pe2=1 (Case F),
(c) I11=1, I22=8, s11=0.158, s12=0.105, s22=0.079, Y 11=0.025, Y 12=0.047, Y 22=0.05,
Pe1=1, Pe2=1 (Case M), and (d) I11=1, I22=8, s11=0.158, s12=0.105, s22=0.079,
Y 11=0.025, Y 12=0.047, Y 22=0.05, Pe1=350, Pe2=2800 (Case Y). 0 is the initial stan-































Fig. 4.7: Time-averaged standard deviation  versus Ijj for a large aggregate for
Pe1=Pe2=1.  is the time-averaged quantity for 115  t  137, and 0 is the initial





































Fig. 4.8: Time-averaged standard deviation  versus Y jk for a large aggregate for
Pe1=Pe2=1. Y min is the smallest among Y 11?Y 12?and Y 22. Y max is the largest
among Y 11?Y 12?and Y 22.  is the time-averaged quantity for 115  t  137, and






????? ???????????????????Fig. 4.9? Case M??? Y
????????????? 1?????????????Fig. 4.10? Case M?
??Y????????????? 2???????????? 10???? 20??
??????????????????????????????????Fig. 4.9
??? Fig. 4.10????????????? t < 95??????????????
??????????????????????????????????????
????????Fig. 4.11?????????????????Case Q?Y????






???????????????????Hamaker??Ah = 8:0 10 20J????
???????????? 1.0gcm 3?????? c = 1:0 10 6m2s 1??? 308K
??????1m????????? uw = 0:8 ms 1?????????? 142nm
??????????????????????????
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Fig. 4.9: Time evolution of standard deviation 1 for a large aggregate for (a) I11=1,
I22=8, s11=0.158, s12=0.105, s22=0.079, Y 11=0.025, Y 12=0.047, Y 22=0.05, Pe1=1,
Pe2=1 (Case M) and (b) I11=1, I22=8, s11=0.158, s12=0.105, s22=0.079, Y 11=0.025,
Y 12=0.047, Y 22=0.05, Pe1=350, Pe2=2800 (Case Y). 1 is the standard deviation only
for small particles. 10 is the initial standard deviation. t
 = 2uwt=Lz.
















Fig. 4.10: Time evolution of standard deviation 2 for a large aggregate for (a) I11=1,
I22=8, s11=0.158, s12=0.105, s22=0.079, Y 11=0.025, Y 12=0.047, Y 22=0.05, Pe1=1,
Pe2=1 (Case M) and (b) I11=1, I22=8, s11=0.158, s12=0.105, s22=0.079, Y 11=0.025,
Y 12=0.047, Y 22=0.05, Pe1=350, Pe2=2800 (Case Y). 2 is the standard deviation only
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Fig. 4.11: The ratio of standard deviation of Brownian case j to that of non-Brownian
case j(Pe=1) for a large aggregate. j and j(Pe=1) are time-averaged quantities for








Fig. 4.13??? Fig. 4.14?????? t=45???????????? ? I ?
????? Y ???????????????????????????Y 22???
?????????Y min????????????Y min???? 0.002??????
??????????????
??????????????? Y max? 0.002????????????????
????? Y min? 0.002????????????????Fig. 4.4(a)??????



















Fig. 4.12: Time evolution of a small aggregate under shear ows for (a) I11=1000,
I22=8000, s11=0.005, s12=0.0033, s22=0.0025, Y 11=0.025, Y 12=0.047, Y 22=0.05,
Pe1=1, Pe2=1 (Case I), (b) I11=1, I22=8, s11=0.005, s12=0.0033, s22=0.0025,

























Fig. 4.13: Standard deviation  versus Ijj for a small aggregate at Pe1=1, Pe2=1































Fig. 4.14: Standard deviation  versus Y jk for a small aggregate at Pe1=1, Pe2=1




?????? Zeichner & Schowalter (1977) [7]?????????????????
??? 2??????????Higashitani et al:(1982) [4]????????????
?????? 2??????????? (Eq. (4.9))???????????????
??????????????????D1??? 1???D2??? 2??????
???? D12????? 12 = D1=D2  1??? 1??????? 2???????
????? r12??? 1????????? 2????????????? V 12 ??
??????????V 12????????????????Fig. 4.15?????
V 12 = V 12r er + V
12
 e + V
12
 e (4.8)
Fig. 4.15: Rectangular and spherical coordinate.
????er, e, ??? e??????????????????????????










?????? [4]????? _???????VT ??????????????A ?
?? C ????????? r12= D12???? 12 = D1=D2???????r12  D12
?????????????



















????h(12)? 12( 1)???????Goren (1971) [8]???????????
???Table 4.3????????????????????? van der Waals???
?????????????4.2?????????????L12D ? D12??????












sin2  sin cos  1
2
(4.13)
??????????????? 2??? sin2  sin cos = 1=2?????????












??? 12 = 0:5????Table 4.3? h(0:5) = 3:04?????
Y 12 > 0:007 (4.15)
?????????3.4.3?????????????????? 2???????
????Y > 0:004??????????????????? 0.5????????
????????????????????????? Y ???????????
???Y > 0:002????????? 2???????????????????
?Y > 0:004???????? 0.5? 2?????????????????Y > 0:007?
?????????????????
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?????????? 12? 2????????????? Y 12????Goren?
?? h()????Table 4.3???????????????????????? Y
???????????????????? 0.5????????????????
????????????????????????
Table 4.3: Function h(12) [8] and threshold value of Y 12 for the dispersion of the
aggregation of two particles from trajectory analysis.
12 1 0.794 0.630 0.5 0.397 0.25 0.125 0.0625
h(12) 2.04 2.48 2.83 3.04 3.1 2.85 2.03 1.23
Y 12 0.0043 0.0046 0.0055 0.0073 0.0105 0.0264 0.142 0.924
??????????????????????????????3.4.3?????


























2. ???????????????????Y ???Y 11?Y 12?Y 22??????
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Fig. 5.1: (a) Aggregate and elongational ow generated by motions of beads in a bead
mill. (b) Elongational ow eld.




















u(r) = uwr=L (5.1)
?????????? @u(r)=@r = uw=L??????????? u(r)???????
??????????????

















?????????x = 0?????x = Lx???????p?????????
???Fig. 5.3??????????????? gi? 2?????????????
??????????????????????????????????????
Fig. 5.3: Particle distribution functions gi at the inlet and outlet of the domain.
????????? g2(0), g8(0), g10(0), g11(0), g13(0)??????????? g2(Lx),
g8(Lx), g10(Lx), g11(Lx), g13(Lx)?????????????? [7]?
g2(0) = g2(Lx) + C;
gi(0) = gi(Lx) +
1
8
C; for i = 8; 10; 11; 13 (5.3)
????C ????????????????????????????? g5(Lx),
g9(Lx), g12(Lx), g14(Lx), g15(Lx)?????????????? g5(0), g9(0), g12(0),
100
g14(0), g15(0)???????????????
g5(Lx) = g5(0)  C;
gi(Lx) = gi(0)  1
8
C; for i = 9; 12; 14; 15 (5.4)
??????????p???????Eq. (5.3)??? Eq. (5.4)? Eq. (5.2)??
?????????C?????????????
C = p  1
3
(g1(0)  g1(Lx) + g3(0)  g3(Lx) + g4(0)  g4(Lx)




? (Fig. 5.4 (a))?????????????????? Lo;x=100x?Ly=100x?
Lo;z=60x????????????????????????? Lext=64x??
??????????????????????????????????????
???????????? t=0???? x = 0?? x = L??p=5  10 5???
??????????????????????????????????????
??????????????????????? (x, y, z)=(114x?50x?90x)
??? ux(x)??p=5 10 5??? Fig. 5.5??????????????150000
step????????????200000 step???????????????????
?????????????????????




????????0 x  Lext? \area 1"????????????????????
?????Lext  x  Lext+Lo;x? \area 2"????????????x = Lext+Lo;x
?????? x=Lx?????????????????????????????
101
?????????? Lext + Lo;x  x  Lx? \area 3"?????????????
?????????????????????????????????area 1???
????????????area 3??????????
























Fig. 5.4: (a) Computational domain and ow eld at 200000 step. (b) Flow velocity
along x-axis through the center of the domain.
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Fig. 5.5: Time evolution of ow velocity at the center of domain when liquid is initially
at rest and particles are not placed.
5.3 ????
?????????????????????? van der Waals?????????
???????????????? van der Waals???????????????
??????LD??????????? 0???????????????????
??? van der Waals????????????????? 2D??????????










?? t = 0?????5.2.2?? Fig. 5.4 (a)?????????????????
??????????????x = 0?? x = L???p=5 10 5???????
????????????






??????? _???????? 3.3?? Eq. (3.2)????????s?????
????3.3??????????????






(b) ?????? LD ???????D??:
s = LD=D (5.9)







??????? Eq. (3.1)? rlm = D + LD?????????





















???????????? 1.0gcm 3?????? c = 1:010 6m2s 1??????
???10m?????????????????uw = 0:012 ms 1????????
????????Case G????????????Hamaker??Ah = 8:0 10 20J?
??D=1m?LD=15.8nm???????????????? 1.0gcm 3?????
? c = 1:0 10 6m2s 1?????????10m???????????????
?? uw = 1:2 10 4 ms 1?????????????????Case Q??????
??????Hamaker??Ah = 8:0  10 20J???D=100nm?LD=5nm????
???????????? 1.0gcm 3?????? c = 1:0 10 6m2s 1??? 308K




Case E?G?I???Q??????????????????? Fig. 5.7???
Fig. 5.8??????? t??? step????Fig. 5.7??? Fig. 5.8??????
??????Case E?????????????????????????????
Case G???????????????????????????Case G? Iext?







Table 5.1: Computational conditions for the dispersion of aggregated particles under
elongational ow.
Iext s Y ext Peext
Case A 7.7 0.005 0.00019 1
Case B 0.77 0.005 0.000019 1
Case C 0.077 0.005 0.0000019 1
Case D 77 0.016 0.019 1
Case E 7.7 0.016 0.0019 1
Case F 0.77 0.016 0.00019 1
Case G 0.077 0.016 0.000019 1
Case H 7.7 0.05 0.019 1
Case I 0.77 0.05 0.0019 1
Case J 0.077 0.05 0.00019 1
Case K 0.077 0.158 0.0019 1
Case L 7.7 0.005 0.00019 2700
Case M 77 0.016 0.019 27000
Case N 7.7 0.016 0.0019 2700
Case O 0.77 0.016 0.00019 270
Case P 7.7 0.050 0.019 2700
Case Q 0.77 0.050 0.0019 270
Case R 0.077 0.158 0.0019 27
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Fig. 5.7: Time evolution of an aggregate under orice ows for (a) Iext=7.7,
s=0.016, Y ext=0.0019, Peext=1 (Case E) and (b) Iext=0.077, s=0.016, Y ext=0.000019,
Peext=1 (Case G). t is time step.
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Fig. 5.8: Time evolution of an aggregate under orice ows for (a) Iext=0.77, s=0.05,
Y ext=0.0019, Peext=1 (Case I) and (b) Iext=0.77, s=0.05, Y ext=0.0019, Peext=270
(Case Q). t is time step.
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3.4.1??Eq. (3.7)???Eq. (3.8)?????????????????????
??????? xl???????????? x????????? ??????
???????????????????Fig. 5.9? Case E, G, I??? Q???
?? ???????????? 0?????????????????????
?????????????????? x??\area 1"? 0 x  Lext??????
???????\area 2"? Lext  x  Lext + Lo;x???????????\area 3"
? Lext + Lo;x  x  Lx?????????????????
Fig. 5.9???Case E?Case I???????????????????????
???Case E?Case I? Y ext?????????????????????????
Iext? s?????????????????? Y ext??????????????
????????????????Fig. 5.10???Fig. 5.11???????????
???????Table 5.1???????Case A?K??????t=90000?????
??? ? Iext?????? Y ext???????????????????????
????Iext???? Y ext???????????????????????? Y ext
??????? 0.0002??????????






























 Case E (area 1)   Case I (area 1)
 Case E (area 2)   Case I (area 2)
 Case E (area 3)   Case I (area 3)
 Case G (area 1)   Case Q (area 1)
 Case G (area 2)   Case Q (area 2)
 Case G (area 3)   Case Q (area 3)
Fig. 5.9: Time evolution of standard deviation  for (a) Iext=7.7, s=0.016,
Y ext=0.0019, Peext=1 (Case E), (b) Iext=0.077, s=0.016, Y ext=0.000019, Peext=1
(Case G), (c) Iext=0.77, s=0.05, Y ext=0.0019, Peext=1 (Case I), and (d) Iext=0.77,
s=0.05, Y ext=0.0019, Peext=270 (Case Q). \area 1" indicates 0 x  Lext. \area 2"
indicates Lext  x  Lext + Lo;x. \area 3" indicates Lext + Lo;x  x  Lx. x is the
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 Case B  Case H
 Case C  Case I
 Case D  Case J






Fig. 5.10: Standard deviation  versus Iext for Pe=1 at t=90000. t is time step. 0
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Fig. 5.11: Standard deviation  versus Y ext for Pe=1 at t=90000. t is time step. 0















 Case L / Case A
 Case M / Case D
 Case N / Case E
 Case O / Case F
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Fig. 5.12: The ratio of standard deviation of Brownian case  to that of non-Brownian




t  _ext~t (5.12)
????Case E???? t=60000??t = 3:55????????????????
?????????????????????????
5.5.2 ????????
3.4.3????? 2????????? Zeichner & Schowalter (1977)????? [5]
???????????????????????????????????2???










Y ext >0.0002??????????? 2????????????? Y ext???? 5
?? 1??????
???Higashitani et al: (2001) [6]?????????????????????512
??????????????????????????????????????
????????????????????????????? s = 0:002????
??????????Higashitani et al:???????????????? Y ext??
?????N ???????????????????????????????









??? Y ext???? 0.00057?????????????????????????
??? Y ext???? 0.0002????Higashitani et al:??????????????
?????
????????????????????????????Adler & Mills (1979) [8]






????????????????? Y ? 0.001????????????????
??????????????????????????????????????























1. ???????? Y ext??????????????????? Y ext? 0.0002
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Fig. A.1: Computational domain for a measurement of the Stokes drag on a particle.
?????????? 0???????????????????????? min
? max???????????? 3x????????????????????
??? Eq. (2.15)??????????? B??????????????  ??
125
?????????D1=1+??????????????????????????
???x = 0?? x = L???p??????????????????????
?????????? x???????????????????????????
?????????????????????????  > (9max+ min)=10???
??????????????????????????? F ? x = 0??????
















Table A.1: Computational conditions and calculated results for the measurement of
the Stokes drag.
L p U F D1=10 D1=4 D1=2 1=10 1=4 1=2
Case I 31 1:3 10 3 0.067 1.25 22.6 21.2 19.9 5.6% 5.4% 5.3%
Case II 35 7:5 10 4 0.066 0.919 22.5 21.0 19.7 2.6% 3.1% 2.4%
Case III 41 4:0 10 4 0.066 0.671 22.4 21.0 19.6 1.7% 1.9% 1.1%
Case IV 45 2:5 10 4 0.069 0.607 23.4 20.8 19.5 1.3% 1.2% 1.1%
Case V 60 7:0 10 4 0.070 2.52 43.2 41.8 40.5 2.5% 3.2% 2.6%
Case VI 70 3:5 10 4 0.067 1.71 43.4 42.3 40.9 1.3% 0.92% 1.0%
Case VII 90 1:5 10 4 0.066 1.19 44.7 43.4 42.1 0.32% 0.66% 0.34%


























































Fig. A.2: The comparison between the result from Zick & Homsy [1], and present





??? 3.3?? \domain A"?132x80x110x??????????? 6???
????????????????????? 3.3??Case A??????????
????????????????????6??????? 100 step?? 6?? 7?
??????????????????????????????????????6
??????????? 16x???????????? 6? 7????????
???Fig. B.1? 6??????????????Fig. B.1 (a)??????????
??????? 6????????????????????Fig. B.1 (b)?????
??????????? 7?????????????????????? t? time
step????t = 2uwt=Lz??????????????????????????
?????????????6???7????????????????????
??? Fig. B.2????100 step???????????????????????










Fig. B.1: Time evolution of aggregated 6 particles under shear ows using (a) 6 colors
and (b) 7 colors with color reassignment. t is a time step. t = 2uwt=Lz.
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Fig. B.2: Time evolution of total densities of 6 and 7 when the color reassignment















??????? kBT = 4:4 10 3, c = p = 1, c = 0:0167, ???Q = 0:815????
???Q? Eq. (A.2)????????????????????????????
????????????????????Eq. (C.1)????Eq. (2.41)?????
??Q? Iwashita et al: (2008) [4]???????????????????????
?????????? Eq. (2.41)????????Q = 1??????????Fig.
C.1???????< jxBrj2 >???????????????? t > 3 104???
???? time step t?????????????????????????????
????Dc0 = 1:2  10 3????Stokes-Einstein???????????????
? T c? kBT c = 3ccDDc0=Q = 4:9  10 3???. ??????????????
????????????????????????? T c???????? T ??
12%????
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Fig. C.1: Time evolution of mean square displacement < jxBrj2 >. t is a time step.
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